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Abstract 
The dependence of the surface relief formation in amorphous chalcogenide (As2S3 and As-S-Se) and Disperse Red 1 
dye grafted polyurethane polymer films on the polarization state of holographic recording light beams was studied. It 
is shown that the direction of lateral mass transport on the film surface is determined by the direction of light electric 
vector and photoinduced anisotropy in the film. We propose a photoinduced dielectropfhoretic model to explain the 
photoinduced mass transport in amorphous films. Model is based on the photoinduced softening of the matrix, 
formation of defects with enhanced or decreased polarizability, and their drift under the electrical field gradient of 
light. 
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1. Introduction 
The interaction of light with matter has extreme scientific and technological importance. The 
properties and the application of “soft materials” including organic and inorganic polymers are based on 
weak but nevertheless long-range interactions among the molecular or supramolecular constituents [1]. 
These interactions lead to the formation of static and frequently also dynamic structures and changes of 
physical and chemical properties that can be changed by light. Photoinduced structural changes in soft 
materials play the key role in advanced technologies: chalcogenide thin films are used as storage media of 
information (audio/videodisks); organic and inorganic photoresists and related materials necessary to 
produce advanced electronics hardware. Photoinduced alignment of molecules in azo-containing 
polymers causes an appearance of optical birefringence – the basic condition for polarization holographic 
recording materials. Recently it has been shown that under influence of linear polarized light a lateral 
transfer of matter is possible allowing to realize “one step” surface patterning. 
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Chomat et al [2] already in 1976 showed that a thin film of an amorphous As2Se3 subjected to an 
intensity modulated red light interference pattern was significantly altered: a relief hologram was formed 
on the surface of the film. Almost twenty years later a similar phenomenon for thin layers of azobenzene-
containing polymers was observed by Rochon et al [3] and Kim et al [4]. A flat film can reach a 
corrugation whose amplitude may be up to fifty per cent of the initial thickness. This suggests that the 
material moieties are put in light-induced lateral transfer regarding the propagation direction of exciting 
light. The most commonly used method to induce mass motion is holographic recording with which a 
sinusoidal modulated intensity pattern can be obtained at the submicron scale. Recently, it has been 
demonstrated that surface relief structures can be formed also by a focused light spot [5] and illumination 
performed via a metal microgrid placed on the sample [6]. The surface patterns can be erased by 
homogeneous illumination or heating above glass transition temperature of recording media. The surface 
relief grating (SRG) direct formation by two coherent laser beam interference has been observed in 
different disordered materials: in amorphous inorganic (As-S, As-Se) chalcogenides [2,6,7], Sb-P-O 
oxide-containing glass [8]) and organic (azobenzene-containing organic polymers [3,4,9], acrylamide 
photopolymers [10], azocellulose [11], organic molecular glasses [12] ) compounds. 
The efficiency of SRG formation on the azobenzene containing polymer and chalcogenide 
semiconductor films strongly depends on the polarization state of the recording beams [7,13-15]. The two 
s-polarized recording beams produce the largest light intensity modulation in interference pattern. But this 
configuration only produces a SRG with very low diffraction efficiency and small surface modulation. 
Under the s-p polarization recording conditions, the two writing beams possesses orthogonal polarization 
and the resultant electric vector of light on the film surface has the largest variation but the light intensity 
is uniform over the entire exposed area. This purely polarization recording condition also produces very 
small surface modulation. The largest surface relief (SR) modulation was obtained under +450:-450 
(linearly orthogonal polarization with a direction 450 regarding the plane of recording scheme) and 
RCP:LCP (right and left circular polarization of beams) recording conditions. This indicates that the 
existence of both light intensity and resultant electric field variations are essential to the formation of 
SRG on amorphous chalcogenide and azobenzene polymer films. 
A number of models have been proposed to explain the origin of the driving force responsible for SRG 
formation in the azo-polymers under the light illumination on the molecular level, including mean-field 
theory [16], permittivity gradient theory [17], gradient electric force model [18] and other. There is still 
not general agreement on the origin of the driving force for this process and no mechanism yet proposed 
accounts for all experimental observations. 
The main goal of this paper is to explore the dependence of surface relief grating formation efficiency 
in amorphous As2S3 and azobenzene containing polymer films on recording parameters such as 
polarization state of recording beams and incoherent assisting light as well as to establish the spatial phase 
relationship between the surface features and the light intensity distribution. 
2. Experimental details 
Thin films of amorphous As2S3 were prepared by thermal deposition on glass substrates at room 
temperature. The pressure during deposition was around 10-6 Torr and the rate of evaporation was ~20 
nm/s. A series of polyurethane polymers containing chemically bonded azobenzene dye DR1 was 
synthesized [19]. The solution of polymer was cast on glass substrate and dried. 
The surface relief (SR) formation experiments were performed using both a holographic recording system 
described in [20] and an illumination of amorphous films through optical slit (Fig.1). An additional 
illumination of grating performed during the holographic recording by an incoherent assisting beam (IA) 
of p- or s-polarization regarding the recording beams comes from another laser. The SR grating recording 
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efficiency was defined as a tangent of the slope angle  for the linear part of reflection diffraction 
efficiency (DE) growing curve [20]. 
The scheme for SR formation on the amorphous films by illumination through optical slit is shown in 
Fig.1. The sample (S) has been illuminated from the film side with a single recording light beam IR (532 
nm) through a slit with a width of ~10 m. From the opposite side the film was illuminated through the 
substrate by assisting light beam IA (532 nm) coming from another laser, i.e. incoherent to beam IR. The 
intensities of the beams were IR= 0.5 W/cm2 and IA=0.43 W/cm2. The wave plates WP1 and WP2 were 
used for the combination of polarization states of the beams. The As2S3 and polyurethane samples with 
thickness 4.5 m and 3.75 m, respectively, were exposed 180 min. at room temperature. The optical 
transmittance of As2S3 sample in photodarkened state for 532 nm light was about 5%. 
The photo-induced surface relief of the films was measured by an atomic force microscope (AFM). 
Fig. 1. Experimental setup for formation 
of surface relief structures by 
illumination through optical slit. 
 
3. Experimental results and discussion 
3.1. Holographic recording of SRG. 
 
It is known that the efficiency of SRG formation in amorphous chalcogenide and organic azobenzene 
polymer films essentially depends on the polarization state of the holographic recording beams [7,13-15]. 
A large difference in SRG recording efficiencies has been observed. The dependence of SRG recording 
efficiency on polarization state combinations of recording beams and contrast of interference patterns at 
the sample surface during holographic recording are summarized in Table 1. The contrast of interference 
pattern (K) in amorphous As2S3 film for a period of 1 m was calculated according to [21] using a value 
of refractive index of 2.6 at recording wavelength of 532 nm. 
Under the intensity modulated holographic recording conditions, the two parallel linear (s-s and p-p) 
polarized beams produce the largest light intensity modulation, when the contrast of an interference 
pattern is equal to ~1. However, there is no spatial modulation in the direction of the resultant electric 
vector of light. These configurations only produce a very low DE and small SR modulation. Under the 
polarization modulated holographic recording, the two orthogonal linear (s-p and +45o: -45o) and circular 
(RCP:LCP) polarized beams produce the largest variation in the resultant electric field direction on the 
film surface but the light intensity is uniform over the entire exposed area (K 0). Very small DE and SR 
modulations were obtained for s-p recording configuration. The largest DE and SRG modulation were  
 
 
Sample (S) with 
a film downward ~ 10 m wide slit 
IR recording beam (532 nm) 
WP2 
WP1 
IA assisting beam (532 nm) 
154   J. Teteris et al. /  Physics Procedia  44 ( 2013 )  151 – 158 
 
Table 1. Dependence of SRG recording efficiency on amorphous As2S3 film with (column IA=260) and without 
(column IA=0) assisting illumination on polarization and contrast of interference patterns at the sample surface during 
holographic recording ( 532 nm, I1=I2=250 mW/cm2, =1 m) using a variety of polarized recording beam 
combinations (x-axis coincides with the direction of grating vector). Assisting illumination was performed by 473 nm 
light with intensity IA=260 mW/cm2; polarization state (S or P) of an assisting beam is shown in cells. 
                    
 
 
obtained for orthogonal linear (+450:-450) and circular (RCP:LCP) polarized beam configuration. For 
these configurations there are components of resultant electric vector of light parallel and perpendicular to 
the grating vector direction. This indicates that the resultant electric field and its direction variation are 
essential to the formation of SR gratings on the amorphous chalcogenide films. 
 
3.2. Enhancement of SRG holographic recording by assisting light. 
 
In 2001 Jager et al [22] showed that an efficiency of SRG formation on azobenzene polymer films can be 
essentially enhanced by an assisting light with an orthogonal polarization to s:s holographic recording 
light. This process was explained by “photo softening” the medium through enhancing the trans-cis-trans 
isomerization cycling. Similar enhancement of SRG formation by assisting light was observed also in 
amorphous chalcogenide As2S3 and AsSe4 films [15, 23]. 
The enhancement efficiency strongly depends on the wavelength, intensity and polarization direction of 
an assisting light [20]. The results on dependence studies of SRG formation efficiency and enhancement 
in As-S film by 473 nm assisting light on the polarization state combinations of recording and assisting 
beams are summarized in Table 1. We can see that even in s:s polarized writing conditions, a significant 
SR grating formation enhancement can be achieved if an incoherent assisting beam with orthogonal (p) 
polarization is used. An effective enhancement by an additional illumination has been observed for 
intensity modulated holographic recording conditions (s:s and p:p). However, a difference of an 
enhancement between s- and p- polarized assisting beams suggests the idea that the material photo-
induced softening in the dark places of the grating is not the only reason for this phenomenon. Actually, 
the additional illumination of s:s or p:p holographic recording combination with orthogonal assisting 
beam creates the electric field distribution in the interference pattern that is similar with the LCP:RCP and 
+45o:-45o recording situation without the assisting light when the largest SRG formation can be obtained. 
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3.3. SR relief formation by illumination through optical slit. 
 
The phase relationship between the exciting light field and the resulting surface deformation is crucial in 
understanding the mechanism of SRG formation. Early investigations on azopolymer films showed that 
the light and surface relief are 1800 out of phase [17]. It means that light intensity maxima correspond to 
valleys in the surface relief. In other words, material is moved out of the light intensity maxima into the 
dark regions. 
In order to estimate the influence of polarization state of the recording beams on SR formation direction 
and efficiency we performed experiments with an illumination of amorphous As2S3 and azo-benzene 
containing films through optical slit. The experimental scheme is shown in Fig.1. After illumination the 
SR of the samples was studied by AFM. 
Actually these experiments simulate the recording of single line grating enabling to evaluate the 
dependence of photoinduced mass transport direction on the polarization state of recording light. The 
single beam experiments with the writing beam (IR) polarized parallel to the optical slit are similar to the 
holographic recording of SRG with s:s polarization, and the single beam experiments with the writing 
beam polarization perpendicular to the optical slit are similar to the p:p holographic recording. 
The illumination of the samples through slit performed with s-, p- recording beam (IR) in combination 
with, p-, s- polarized assisting beam (IA) simulates the SRG formation with +450: -450 and RCP:LCP laser 
beams combination at holographic recording. In case of single beam illumination without assisting light 
very small SR changes (~10 nm) were obtained for s-and p- polarization recording. The largest SR 
changes in amorphous As2S3 films are observed for s- and p- polarized recording beam assisted with 
orthogonal p- and s- polarized additional illumination, respectively (Fig.2a). It is seen that the direction of 
the photo-induced matter transport in both cases is with opposite sign. Consequently, s-polarized 
recording beam assisted with p-polarized light creates a contraction of the film or a formation of valley 
but p-polarized recording beam assisted with s-polarized light creates an expansion of the film or a 
formation of hill. These results are consistent with a conclusion obtained by Trunov [23] that the direction 
Fig. 2. AFM measurements of SR profile on As2S3 (a) and polyurethane (b) films illuminated through optical slit. A – 
p-polarized recording beam (E vector perpendicular to slit) and s-polarized assisting beam (E vector parallel to slit); 
B – s-polarized recording beam and p-polarized assisting beam. 
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of the material displacement in amorphous chalcogenide thin films for p:p holographic recording with s- 
assisting light (scheme p:p:+s) is in phase and for scheme s:s:+p out of phase to the maxima in the light  
interference pattern. 
The similar experiments were performed on DR1 grafted polyurethane films. Fig.2b shows that in this 
case the direction of the photoinduced matter transport is opposite to that obtained with As2S3 films. The 
surface deformation goes down when the recording beam polarization is perpendicular to the slit and goes 
up when the recording beam polarization is parallel to the slit. Consequently, the photoinduced mass 
transport process depends not only on the polarization direction but also on the properties of material. 
The interference of two orthogonal, circularly (LCP:RCP) or +450 :-450 linearly polarized beams causes a 
space-varying polarization pattern on sample (Fig.3 and Fig.4). That space-varying polarization is linear 
changing periodically along the x direction. The peak of the SRG is formed at the position of p-
polarization state for As2S3 films (Fig.3A) and s-polarization state for azobenzene polymer films (Fig.3B) 
in the polarization modulated pattern. This fact is crucial to evaluate the direction of the driving force for 
SRG formation. Since the SRG is formed by molecular migration, we can consider that the force drives 
the migration from s-polarization state toward the position of p-polarization state in case of As2S3 films 
and in the opposite direction for azobenzene polymer films. 
 
3.4. Photoinduced dielectrophoretic model of SRG formation. 
 
We propose a photoinduced dielectrophoretic model to explain the photoinduced mass transport in 
amorphous films. Model is based on the photoinduced softening of the matrix, formation of defects with 
enhanced or decreased polarizability, and their drift under the electrical field gradient of light. 
It is known that molecules and nano particles can be manipulated in fluidic systems using 
dielectrophoretic (DEP) forces [24]. A DEP force is generated when a neutral molecule or particle is 
suspended in a non-uniform electric field. This electric field induces electrical charges within the particle 
to establish a dipole. If a non-uniform electric field is applied, the ends of the dipole experience unequal 
Columbic forces, which result in a total non-zero, imposed force. If the particle is less polarizable than the 
suspending medium, it is repelled from the regions of higher electric field and the motion is called 
negative dielectrophoresis, while the opposite case is referred to as positive dielectrophoresis. 
An interference pattern on sample surface at +450:-450 or LCP:RCP polarization recording can be 
expressed as a sum of two linearly polarized light components (see Fig.4): with electric vector parallel to 
 
 
 
 
Fig. 3. The position of the surface relief grating 
regarding an interference pattern using +450:-450 
or LCP:RCP polarization combinations for 
recording: A) for As2S3 film; B) for DR1 dye 
grafted polyurethane polymer film. 
 Fig. 4. s- and p- polarized light components in space-
varying polarization pattern on sample for +450:-450 or 
LCP:RCP recording. An orientation of azo-dye molecules 
due to photoinduced anisotropy is shown for s- and  
p- components of light electric field. 
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grating vector (P) and with electric vector perpendicular to grating vector (S). For both components the 
electric field gradient vector is parallel to grating vector. Due to polarization modulation linear polarized 
light in azo dye containing polymers causes an arrangement of the photo active molecules (see Fig.4). As 
a result their polarizability regarding the light electric field gradient direction has been increased by S-
electric field component and decreased by P-electric field component. Due to the dielectrophoretic forces 
azo-polymer material is moved out of the P-polarized light component region into S-polarized regions. 
4. Conclusions 
We have shown that the surface relief grating formation in amorphous As2S3 and azobenzene grafted 
polyurethane films strongly depends on the polarization state of recording beams. The surface relief 
grating formation efficiency of s-s and p-p recording beam combination can be essentially enhanced by 
additional illumination with orthogonal polarization. It is shown that the peak of the SRG is formed at the 
position of p-polarization state for As2S3 films and at s-polarization state for azobenzene polymer films in 
the polarization modulation pattern. The photoinduced dielectrophoretic model to explain the 
photoinduced mass transport in amorphous films has been proposed. Model is based on the photoinduced 
softening of the matrix, formation of defects with enhanced or decreased polarizability, and their drift 
under the electrical field gradient of light. 
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